Eight mutants of Alcaligenes eutrophus defective in the intracellular accumulation of poly-fi-hydroxybutyric acid (PHB) were isolated after transposon TnS mutagenesis with the suicide vector pSUP5011. EcoRI fragments which harbor TnS-mob were isolated from pHC79 cosmid gene banks. One of them, PPT1, was used as a probe to detect the intact 12.5-kilobase-pair EcoRI fragment PP1 in a XL47 gene bank ofA. eutrophus genomic DNA. In six of these mutants (PSI, API, GPI, GPIV, GPV, and GPVI) the insertion of TnS-mob was physically mapped within a region of approximately 1.2 kilobase pairs in PP1; in mutant API, cointegration of vector DNA has occurred. In two other mutants (GPII and GPIII), most probably only the insertion element had inserted into PP1. All PHB-negative mutants were completely impaired in the formation of active PHB synthase, which was measured by a radiometric assay. In addition, activities of f-ketothiolase and of NADPH-dependent acetoacetyl coenzyme A (acetoacetyl-CoA) reductase were diminished, whereas the activity of NADH-dependent acetoacetyl-CoA reductase was unaffected. In all PHB-negative mutants the ability to accumulate PHB was restored upon complementation in trans with PP1. The PHB-synthetic pathway of A. eutrophus was heterologously expressed in Escherichia coli. Recombinant strains of E. coli JM83 and K-12, which harbor pUC9-1::PP1, pSUP202::PP1, or pVK101::PP1, accumulated PHB up to 30% of the cellular dry weight. Crude extracts of these cells had significant activities of the enzymes PHB synthase, f-ketothiolase, and NADPH-dependent acetoacetyl-CoA reductase. Therefore, PP1 most probably encodes all three genes of the PHB-synthetic pathway in A. eutrophus. In addition to PHB-negative mutants, we isolated mutants which accumulate PHB at a much lower rate than the wild type does. These PHB-leaky mutants exhibited activities of all three PHB-synthetic enzymes; TnS-mob had not inserted into PP1, and the phenotype of the wild type could not be restored with fragment PP1. The rationale for this mutant type remains unknown.
Poly-3-hydroxybutyric acid (PHB), which had been detected in 1926 by Lemoigne (31) , is a polymer of D-(-)-1-hydroxybutyric acid and is a widespread intracellular storage compound typical of procaryotic organisms (10) . For many bacteria, PHB is the principal storage compound. Depending on the organism and on the physiological conditions applied to the cells, PHB may function as a carbon and/ or energy storage compound or as a sink for reducing equivalents (9, 48) . Biochemical studies revealed two different pathways for the synthesis of PHB. (i) In most organisms, e.g., Azotobacter beijerinckii and Zoogloea ramigera, a three-step metabolic pathway is realized. The first step is catalyzed by the enzyme 1-ketothiolase (EC 2.3.1.16), which condenses acetyl coenzyme A (acetyl-CoA) to acetoacetyl-CoA (38) . This intermediate is reduced to D-(-)-P3-hydroxybutyryl-CoA by an NADPH-dependent acetoacetyl-CoA reductase (EC 1.1.1.36). In the last step the enzyme PHB synthase catalyzes the head-to-tail polymerization of the monomer to PHB. (ii) In Rhodospirillum rubrum PHB is synthesized via a five-step synthetic pathway. An NADH-dependent acetoacetyl-CoA reductase (EC 1.1.1.35) catalyzes the formation of L-(+)-3-hydroxybutyrylCoA, which is subsequently converted to D-(-)-P-hydroxybutyryl-CoA by two stereospecific enoyl-CoA hydratases prior to polymerization (37) .
Despite intensive research on the physiology of PHB formation, relatively little was known about the enzymes which catalyze its synthesis, and almost no genetic studies 5838 SCHUBERT ET AL. and the growing chain of the polymer and which functions as an acyl carrier (17) .
Our studies aimed at the cloning of the genes in A. eutrophus, which are involved in the synthesis of PHB. In this report we describe the isolation of mutants of A. eutrophus which carry the transposon TnS-mob inserted into the PHB synthase gene. One of these mutants provided a probe for the detection of the intact gene in a K gene bank of A. eutrophus H16 genomic DNA. The heterologous expression of the A. eutrophus PHB synthase gene in Escherichia coli and the formation of PHB granules in recombinant strains of E. coli provide some evidence that all three genes of the PHB-synthetic pathway are clustered in A. eutrophus.
(Part of this work was communicated to the Akademie der Wissenschaften zu Gottingen on 10 June 1988 and was presented at the Second International Symposium on Overproduction of Microbial Products, Ceske Budejovice, Czechoslovakia, on 7 July 1988.)
MATERIALS AND METHODS Bacterial strains and plasmids. The strains of A. eutrophus and E. coli, as well as the plasmids and bacteriophage used in this study and mutant strains of A. eutrophus isolated following transposon mutagenesis, are listed in Table 1 .
Growth of bacteria. E. coli was grown at 37°C in complex Luria-Bertani (LB) medium (34) , which in some experiments was supplemented with 0.5 to 1.0% (wt/vol) glucose. A. eutrophus was grown either in a complex medium of nutrient broth (NB; 0.8%, wt/vol) or in a mineral salts medium (MM) (49) . To allow extensive accumulation of intracellular PHB, the concentration of NH4Cl in the MM was reduced to 0.05 or 0.005% (wt/vol). For heterotrophic growth, the mineral salts medium was supplemented with filter-sterilized solutions of the carbon sources as indicated below. Media were solidified with 1.5% (wt/vol) agar, and if necessary, antibiotics were added as indicated.
TnS mutagenesis and mutant selection. For the isolation of transposon-induced mutants, A. eutrophus HF39 was mated with E. coli S17-1(pSUP5011) as described below. Two different methods were used to isolate mutants, which were impaired in the formation of PHB.
(i) Kanamycin-resistant transconjugants of A. eutrophus were selected on selective plates (NB containing 500 ,ug of streptomycin per ml and 160 pug of kanamycin per ml). From these plates they were transferred with a toothpick to MM-fructose agar plates containing either a high (0.1%, wt/ vol) or low (0.005%, wt/vol) concentration of NH4Cl. Those transconjugants, which formed diaphanous instead of opaque colonies, were isolated.
(ii) The cell suspension washed off the mating agar was transferred to MM-fructose medium containing 0.005% (wt/ vol) NH4Cl and was aerobically incubated at 30°C for about 48 h. Cells which had not accumulated PHB were separated from those which had by centrifugation in a Percoll density gradient (43) . Percoll density gradients were made from 75% (vol/vol) Percoll in 150 mM NaCl, and 0.2 ml of cell suspension (approximately 108 cells) was loaded onto the top of the gradient. These were spun for 30 min at 4°C and 21,000 rpm in an OTD50B ultracentrifuge (Ivan Sorvall, Inc., Norwalk, Conn.), and the gradient was fractionated by plating portions of 0.1 ml onto MM-fructose plates which contained 0.005% (vol/vol) NH4Cl. Mutants which appeared diaphanous were subjected to further studies.
Isolation of DNA. Total genomic DNA of A. eutrophus was isolated from cells grown in fructose (0.2% wt/vol) MM at 30°C by the procedure described by Marmur (35) .
A DNA phage particles were prepared by the method of Maniatis et al. (34) from plates exhibiting confluent lysis of E. coli WL87. The phages were harvested by high-speed centrifugation (48,000 x g for 3 h at 4°C), suspended in SM buffer (34) , and purified from debris by repeated centrifugation steps (5 to 10 s) in an Eppendorf centrifuge. The extraction of phage DNA followed the procedure described by Maniatis et al. (34) , including the proteinase K treatment.
Plasmid DNA was prepared from crude lysates by the alkaline extraction procedure (5, 34) . DNA restriction fragments were isolated from agarose gels by electroelution into a sodium acetate solution in an apparatus obtained from Biometra, Gottingen, Federal Republic of Germany.
Analysis of plasmid DNA. Crude lysates were separated by electrophoresis in horizontal slab gels containing 0.8% (wt/ vol) agarose in TBE buffer (50 mM Tris hydrochloride, 50 mM boric acid, 1.25 mM disodium EDTA [pH 8.5] ). Electrophoresis was done at 150 V and 40 mA for 6 h.
Isolated plasmid DNA was digested with various restriction endonucleases under the conditions described by Maniatis et al. (34) or by the manufacturer. DNA restriction fragments were separated in TBE buffer in horizontal slab gels containing 0.8 to 2.0% (wt/vol) agarose or in vertical polyacrylamide gels containing 8.0% (wt/vol) acrylamide. The conditions used for separation followed the recommendations of Maniatis et al. (34) . The molecular weights of these fragments were estimated by comparing their migration with that of standard fragments obtained from K DNA. DNA bands were stained with ethidium bromide and visualized on a UV transilluminator.
Hybridization of Southern filters. DNA restriction fragments were separated by horizontal electrophoresis in 0.8% (wt/vol) agarose gels as described above for the analysis of plasmid DNA. Conditions for the transfer of denatured DNA to nitrocellulose filters (BA85: pore size, 0.45 ,um; Schleicher and Schull, Dassel, Federal Republic of Germany), for their hybridization with biotinylated probes (labeled with bio-11-dUTP), and for the detection of biotinylated DNA have been described previously (30) .
Hybridization of plaques. KL47 libraries were screened on filters as described by the manufacturer, Bethesda Research Laboratories, Inc., Gaithersburg, Md. (BRL Focus 7:11, 1985) . Conditions for hybridization with biotinylated probes and for the detection of hybrids were as described for Southern filters. About 500 to 1,000 plaques per plate were screened.
DNA ligation. Restricted DNA was ligated as described by Maniatis et al. (34) . Restriction endonucleases were inactivated by heat (10 min at 65°C) before ligation. Vectors were dephosphorylated by treatment with bacterial alkaline phosphatase prior to ligation.
Transformation. For transformation, E. coli was grown aerobically in LB medium containing 20 mM MgCl2 (18) at 37°C. Competent cells were prepared and transformed by using the calcium chloride procedure described by Maniatis et al. (34) .
Conjugation. Matings of A. eutrophus (recipient) with E. coli S17-1 harboring hybrid donor plasmids were performed on solidified NB medium as described by Friedrich et al. (13) . After 20 h of incubation at 30°C, the cells were washed from the agar and plated onto media suitable for isolation of the transconjugants.
Construction of cosmid and lambda L47 libraries. Genomic DNA (about 600 jig/ml) of TnS-induced mutants was partially digested by EcoRI to generate a high portion of relatively large fragments. These fragments were extracted with phenol, phenol-chloroform (1:1), chloroform, and ether and precipitated with ethanol. They were ligated to the EcoRI-digested, dephosphorylated cosmid pHC79 (about 250 ,uglml) at a ratio of 1:4 (insert to vector) with a total DNA concentration of 250 ,ug/ml. The DNA was packaged with X coat proteins by using an in vitro packaging kit and transfected into E. coli DH1 by the methods of Hohn and Collins (22, 23) . Cells were plated on LB medium containing antibiotics as indicated. Preparation of crude extracts. Approximately 0.2 to 1.0 g (wet weight) of cells was suspended in 2 ml of 100 mM potassium phosphate buffer (pH 7.0) and disrupted by sonication (2 min) by using an MSE (150 W) ultrasonic disintegrator with a probe 9.5 mm in diameter. To obtain the crude cellular extract, we removed unbroken cells by centrifugation for 5 min at 1,000 x g in a bench centrifuge. The soluble protein fraction the supernatant fraction was recovered after centrifugation at 100,000 x g for 60 min in an OTD centrifuge (Sorvall) with a TFT 65.13 rotor.
Determination of enzyme activities. The assay mixture for the determination of PHB synthase activity contained 50 mM Tris hydrochloride (pH 7.5), 10 mM dithiothreitol, 10 mM MgCl2, and 5 to 30 ,g of protein from crude cellular extract in a total volume of 100 RI. It was preincubated at 30°C for 2 min before the reaction was started by the addition of D,L-[3H]f-hydroxybutyryl-CoA to a final concentration of 0.6 mM. After a 5-min incubation at 30°C the reaction was stopped by the addition of 200 ,u of trichloroacetic acid (5%, wt/vol). After the addition of 0.9 ml of H20 the tritiated polymer was separated from tritiated monomer by extraction with 0.6 ml of chloroform which contained 0.02% (wt/vol) PHB (14) . The chloroform layer was washed three times with 0.9 ml of H20. A portion of the chloroform phase (0.5 ml) was evaporated at room temperature overnight. Evaporated material was dissolved in chloroform and transferred to a counting vial. It was again evaporated overnight, and the remaining material was dissolved in 0.1 ml of chloroform-10 ml of a Quickszint 2000 scintillant (Zinsser Analytical GmbH, Frankfurt, Federal Republic of Germany). Radioactivity was counted in an LS7800 liquid scintillations spectrometer (Beckman Instruments, Inc., Fullerton, Calif.).
The activity of ,-thiolase (EC 2.3.1.9) in the soluble protein fraction was determined in the presence of 2 U of P-hydroxyacyl-CoA dehydrogenase from porcine heart by measuring the oxidation of NADH concomitant with the reduction of the acetoacetyl-CoA, which is formed during the thiolase reaction, as described by Oeding and Schlegel (41) .
Activities of NADH-or NADPH-dependent acetoacetylCoA reductase (EC 1.1.1.35 and EC 1.1.1.36, respectively) in the soluble protein fraction were determined by a modification of the method described by Lynen and Wieland (33 3 ,000 x g in a bench centrifuge prior to the determination of the absorbance.
Determination of PHB. Quantitative determination of PHB was performed by the infrared spectroscopy method described by Juttner et al. (27) after extraction of lyophilized cells with chloroform. In colonies grown on mineral medium containing a permissive concentration of NH4Cl, PHB was visualized by staining with Sudan black as described by Schlegel et al. (50) .
Synthesis of metabolites. Acetyl-CoA was synthesized from CoA and acetic anhydride as described by Ochoa (40).
Acetoacetyl-CoA was synthesized from CoA and diketene in accordance with a method described by Simon and Shemin (51) . ,umol of acetoacetyl-CoA in 16 ml of H20-3 ml of 100 mM sodium phosphate buffer was gently stirred at room temperature (pH 7.5). With the pH kept between 7.4 and 8.0 with 0.1 N HCI, 0.28 ,umol of [3H]NaBH4 dissolved in 280 RI of 0.1 N NaOH was added dropwise. The reaction was chased with 260 ,umol of NaBH4 which was dissolved in 630 pul of 0.1 N NaOH. For further formation of ,B-hydroxybutyryl-CoA was detected after 100 min. The pH was adjusted to 5.1 with 1 N HCI. About 60% of the radioactivity was released as H2; it was oxidized to H20 by passage along a column of CuO and was recovered from the spent air in a trap of liquid nitrogen. To dispose of tritiated water which has been formed by exchange reaction, we lyophilized the solution. The lyophilized sample was dissolved in 30 ml of H20 and stored at aliquots at -20°C.
Chemicals. Restriction endonucleases, biotin-11-dUTP, the nick translation kit, the DNA detection kit, T4 DNA ligase, lambda DNA, and substrates used in the enzyme assays were obtained from C. (Fig. 1) . On the basis of the known restriction map for TnS (26) , which harbors the RP4 mob site (53), the insertions of TnS-mob into PP1 were physically mapped. TnS-mob had inserted into a 2,200-bp SailI fragment in the mutant strains PSI, GPI, GPV, and GPVI, whereas it had inserted into an adjacent 140-bp Sall-fragment in strain GPIV. Insertions cover a region of approximately 1,200 bp in all five mutants isolated in this study (Fig. 1) .
The EcoRI fragments PPT2a and PPT2b, which had been isolated from mutant strain API, both hybridized with biotinylated PP1 DNA. Although PPT2a contained the 140-, 1,000-, and 2,100-bp Sall fragments of PP1 in addition to a 4,360-bp Sall fragment, PPT2b contained the 300-, 2,600-, 3,000-, and 1,150-bp Sall fragments of PP1 in addition to a 5,600-and a 6,200-bp Sall fragment. In contrast to the 5,600-and the 6,200-bp SailI fragments, which gave a strong hybridization signal, the 4,360-bp SailI fragment gave a weak hybridization signal with the TnS probe. With a pBR325 probe (linearized pBR325 DNA) only the 4,360-and the 6,200-bp SailI fragments gave a signal, whereas all three Sall fragments (4, 360, 5 ,600, and 6,200 bp) gave a signal with an IS50 probe (1,000-bp HpaI-HindIII fragment of TnS). Considering the physical data for Tn5, the results may be explained by the cointegration of pSUP5011 which followed the insertion of one single insertion element. The primary insertion occurred in the 2,200-bp SalI fragment of PP1 and mapped between the insertions of TnS-mob in mutant strains GPV and PSI (Fig. 1) . The cointegration of vector DNA resulted in the introduction of a cleavage site for EcoRI in the derivative PP1 EcoRI fragment.
Not only did TnS-harboring EcoRI fragments PPT7 and PPT8, which had been cloned from mutant strains GPII and GPIII, differ in size from PPT1, but neither fragment exhibited any homology to PP1, as revealed by hybridization with biotinylated PP1 DNA and by the occurrence of different Sall restriction fragments. Hybridization of biotinylated PP1 to genomic DNA of both mutants produced only one signal with a 14-kbp EcoRI fragment, whereas hybridization with the IS50 probe, as well as with biotinylated PPT1 DNA, yielded a signal with a 14-and a 17-kbp EcoRI fragment of mutant GPIII genomic DNA or with a 14-and a 20-kbp EcoRI fragment of mutant GPII genomic DNA. TnS-mob had probably inserted into PP1; thereafter, the transposon may have been excised, leaving one insertion element in PP1, and then may have been inserted into a random part of the genome.
Cointegrate formation usually occurs only with transposons, which transpose by a replicative mechanism (4), but was also reported for TnS, which transposes by a conservative mechanism (12) . The precise mechanism of cointegration of vector DNA in mutant API and of parts of TnS-mob in mutants GPII and GPIII is unknown and remains to be elucidated. However, the high proportion of such irregular mutants among transposon-induced PHB-negative mutants is remarkable.
Complementation of PHB-negative mutants ofA. eutrophus. Plasmid pVK1O1::PP1 was transferred by conjugation from E. coli S17-1 to different mutants of A. eutrophus, which were impaired in the synthesis of PHB. Transconjugants were collected on mineral agar plates containing 0.5% (wt/ vol) sodium succinate and 12.5 jig of tetracycline per ml. The ability to accumulate PHB and to synthesize active PHB synthase (Table 3) coli. The hybrid plasmids pUC9-1.:PP1, pSUP202::PP1, and pVK101::PP1 were isolated and transferred to E. coli JM83 and K-12 by transformation. After prolonged incubation on LB agar plates, colonies of recombinant clones appeared much more opaque than colonies of the nonrecombinant parent strains. The opacity was enhanced by the addition of 0.5% (wt/vol) glucose to the LB medium. When cells from these colonies were investigated under the light microscope, light-scattering inclusion bodies were visible. If cells harbor- Like the chromosomally as well as the plasmid-encoded genes for ribulose bisphosphate carboxylase from strain DSM 428 (24a), expression of the A. eutrophus PHB-synthetic genes in E. coli occurred independently from E. coli promoters. In contrast, the promoters of the genes for the chromosomally encoded ribulose bisphosphate carboxylase from strain ATCC 17707 (2), the plasmid-encoded gene for phosphoribulokinase (28) , or the gene for the fermentative alcohol dehydrogenase (30) from strain DSM 428 are not expressed in E. coli. First, DNA sequences obtained for genes of A. eutrophus have shown that transcription and not translation is probably limiting with respect to heterologous expression in E. coli (1, 25) . On the other hand, it has been demonstrated that catabolic genes of E. coli, like pfkA or tpi, are expressed in A. eutrophus (56) .
If we assume that at least a three-step synthetic pathway (Fig. 2) is responsible for the synthesis of PHB in A. eutrophus, the following observations are peculiar: (i) Tn5-induced PHB-negative mutants appeared at an unexpected low frequency; (ii) none of the PHB-negative mutants was able to form active PHB synthase, independent of the kind of mutagenic agent applied; (iii) in all transposon-induced mutants, the activities of 13-ketothiolase and NADPH-dependent acetoacetyl-CoA reductase were greatly diminished; (iv) the ability to synthesize PHB could be restored in any PHB-negative mutant examined by complementation in trans with pVK101::PP1; and (v) Tn5-mob mapped within a small region of approximately 1.2 kbp in PP1 in PHBnegative mutants. Our data suggest that the structural genes for PHB synthase, P-ketothiolase, and NADPH-dependent acetoacetyl-CoA reductase are clustered in PP1. We assume that the region in which TnS-mob mapped in PHB-negative mutants encodes the structural gene of PHB synthase or segments which are essential for the expression of this gene and that the insertion exerts a polar effect on the expression of both other genes. Mutants which harbor Tn5-mob in the other two genes have not been isolated, because they do not exhibit the PHB-negative phenotype (see below). It has still to be examined whether all three genes are organized in a single operon. If this is the case, the gene for PHB synthase is probably its first gene which is transcribed.
,B-Ketothiolase is needed not only for the synthesis of PHB but also for the synthesis of P-hydroxy-p-methylglutaryl-CoA, which is a building block in, e.g., quinones, bactoprenol, and hopanoids (Fig. 2) . The latter compound has not been detected in A. eutrophus (42; K. Poralla, unpublished results). In addition, P-ketothiolase is also involved during ,8-oxidation of fatty acids. If only one gene for ,B-ketothiolase is present in A. eutrophus, its insertional inactivation is lethal to the cell. As shown by Haywood et al. (20) and as also indicated by the presence of residual ,B-ketothiolase activity in TnS-induced mutants, isoenzymes for 1-ketothiolase exist in A. eutrophus; a second ,B-ketothiolase may fulfill the function of the PHB-synthetic 1B-ketothiolase. In A. eutrophus both an NADH-and an NADPH-dependent acetoacetyl-CoA reductase are present (21, 41) . In contrast to the dehydrogenase for 1-hydroxybutyrate, which is NAD dependent and which is specific for the D-(-)-stereoisomer (46, 47) eutrophus, the NADH-dependent enzyme is only able to compensate for the NADPH-dependent enzyme upon its loss if an enoyl-CoA hydratase, which is specific for the D-(-)-stereoisomer of ,B-hydroxybutyryl-CoA, is also present (Fig. 2 ). An enoyl-CoA hydratase specific for the L-(+)-stereoisomer is involved during 1-oxidation. Under these circumstances PHB synthesis via a five-step synthetic pathway like that in R. rubrum may occur in addition to synthesis via the basic three-step synthetic pathway. That the situation is much more complex in A. eutrophus is also obvious from the fact that substrates like crotonate, butyrate, and valerate (11, 16) are incorporated into the polymer without cleavage of the carbon skeleton to acetylCoA (Fig. 2) . It has still to be determined whether the degradative pathway of these substrates joins the basic three-step PHB-synthetic pathway at the level of acetoacetyl-CoA or D-(-)-13-hydroxybutyrl-CoA.
